Successful recovery from DNA damage requires coordination of several biological processes. Eukaryotic cell cycle progression is delayed when the cells encounter DNA-damaging agents. This cell cycle delay allows the cells to cope with DNA damage by utilizing DNA repair enzymes. Thus, at least two processes, induction of the cell cycle delay and repair of damaged DNA, are coordinately required for recovery. In this study, a fission yeast rad mutant (slp1-362) was genetically investigated. In response to radiation, slp1 stops cell division; however, it does not restart it. This defect is suppressed when slp1-362 is combined with wee1-50 or cdc2-3w; in these mutants, the onset of mitosis is advanced due to the premature activation of p34 cdc2 . In contrast, slp1 is synthetically lethal with cdc25, nim1/cdr1, or cdr2, all of which are unable to activate the p34 cdc2 kinase correctly. These genetic interactions of slp1 with cdc2 and its modulators imply that slp1 is not defective in either "induction of cell cycle delay" or "DNA repair." slp1 ؉ may be involved in a critical process which restarts cell cycle progression after the completion of DNA repair. Molecular cloning of slp1 ؉ revealed that slp1 ؉ encodes a putative 488-amino-acid polypeptide exhibiting significant homology to WD-domain proteins, namely, CDC20 (budding yeast), p55 CDC (human), and Fizzy (fly). A possible role of slp1 ؉ is proposed.
Malfunction of a gene required for recovery from DNA damage would result in a lower survival rate after irradiation and therefore would cause a Rad Ϫ (radiation-sensitive) phenotype. In Saccharomyces cerevisiae (budding yeast), rad mutants have been studied extensively and classified into three epistasis groups (15, 16, 19) . rad mutants with mutations in the RAD3 epistasis group are defective in excision repair. They are sensitive to UV light but not to ionizing radiation or alkylating agents. On the other hand, the RAD52 epistasis group includes rad mutants which are sensitive to ionizing radiation and alkylating agents but not to UV light. This group consists of rad mutants defective in recombinational repair. Other rad mutants, rad6, rad9, and rad18, in the third group, the RAD6 epistasis group, exhibit sensitivity to a wide range of DNAdamaging agents such as UV light, ionizing radiation, and alkylating agents. Of the rad mutants in the RAD6 epistasis group, the rad9 mutant has been shown to be defective in cell cycle regulation. While wild-type strains stop cell division transiently in response to DNA damage, the rad9 mutant does not stop cell division, as if it were not exposed to DNA-damaging agents. This phenotype has validated the existence of a cell cycle regulatory mechanism denoted "checkpoint," which induces a cell cycle delay in response to DNA damage (43; for reviews, see references 6, 18, and 25). It has also been shown that RAD9 is required for cell cycle arrest in the temperaturesensitive cdc9 mutant (defective in DNA ligase) (38) . rad9 cdc9 double mutants lose their viability rapidly at the restrictive temperature, whereas single cdc9 mutants are able to form colonies after transfer to the permissive temperature. The result suggests that the rad9 mutant does not stop cell division when unligated Okazaki fragments are present.
In the fission yeast Schizosaccharomyces pombe, 23 complementation groups of rad mutants (21, 30) have been examined and categorized into two groups based on the phenotypes seen in DNA ligase-deficient backgrounds (2) . One group shows a relatively moderate or no sensitivity to a deficient DNA ligase (encoded by cdc17 ϩ ). rad mutants in this group are able to stop cell division in response to DNA damage. These mutants are assumed to be defective in processes directly involved in DNA repair (such as excision and recombinational repair). The members of the other group of rad mutants (rad1, rad3, rad9, rad17, and rad21) show a dramatic decrease in viability when the cdc17-DNA ligase is deficient. These mutants cannot delay cell cycle progression in response to DNA damage and continue to divide (checkpoint defective). The classification of fission yeast rad mutants can broadly define two biological processes required for recovery from DNA damage, i.e., DNA damage repair and induction of the cell cycle delay.
The availability of mutants defective for cell cycle regulators has allowed genetic characterization of the checkpoint-defective mutants of fission yeast. First, the checkpoint-defective mutants can be rescued partially by an artificial cell cycle block. For example, they exhibit higher survival rates after irradiation if cell cycle progression is arrested at the boundary of G 2 /M by a temperature-sensitive mutation of cdc25 (mitotic inducer) prior to irradiation (2, 42) . Suppression by the cdc25 block indicates that the checkpoint-defective mutants are capable of repairing DNA damage sufficiently if the onset of mitosis is postponed. Second, it has been demonstrated that all the checkpoint-defective mutants are lethal when wee1 kinase (mitotic inhibitor) is defective (2, 3, 31, 42) . While wee1 single mutants undergo advanced mitosis and produce small yet viable cells, double mutants (with wee1 and the checkpoint-defective mutations) undergo mitosis with an extremely small cell size and produce inviable cells. This additive effect suggests that the checkpoint genes may determine the timing of the onset of mitosis in a manner independent of wee1 kinase. These genetic interactions, i.e., suppression by cdc25 and synthetic lethality with wee1, have served as hallmarks for checkpoint-defective mutants of fission yeast.
In this study, a fission yeast rad mutant (slp1) strain has been investigated. Its survival rate after irradiation is significantly higher when the slp1 mutation is combined with wee1. In addition, the mutant is synthetically lethal with cdc25. Thus, slp1 exhibits distinctive genetic interactions with cell cycle regulators and may define a novel biological process required for recovery from DNA damage.
MATERIALS AND METHODS
Strains and media. All strains used in this study were derived from wild-type strains. S. pombe was grown in standard YEA and PMA media (5) . The double mutants used in this study were constructed by tetrad analysis, and their genotypes were confirmed by tetrad analysis. A new allele of rad3, rad3-T80, was isolated through the previous genetic screen (23) .
Isolation of slp1. A fission yeast strain, SP596 (h Ϫ leu1-32 wee1-50), was mutagenized by nitrosoguanidine as described previously (23) . Approximately 4 ϫ 10 5 survivors were incubated at 25ЊC on YEA plates. The resulting colonies were transferred to fresh YEA plates by replica plating and UV irradiated with a dose of 150 J/m 2 . After an overnight incubation at 25ЊC, the individual colonies were microscopically examined to score the radiation sensitivity. A total of 222 radiation-sensitive (rad) mutants were collected after eight independent mutagenesis treatments. These rad mutants were individually crossed with wild-type strain SP3 (h ϩ leu1-32). The descendants were scored for their radiation sensitivity, and three mutants were found to produce more radiation-sensitive descendants than the parents did. They were subject to tetrad analysis, and one (slp1-362) was confirmed to be more sensitive to UV irradiation when the wee1 mutation was removed. The mutation was purified by outcrossing with the wildtype strains SP3 (h ϩ leu1-32) and SP6 (h Ϫ leu1-32). Tetrad analysis for slp1 showed two ts Ϫ rad Ϫ and two Ts ϩ Rad ϩ segregants, indicating that both the temperature sensitivity and the radiation sensitivity are caused by a single mutation. A heterozygous diploid strain (slp1/ϩ) is Ts ϩ Rad ϩ , indicating that the slp1 mutation is recessive. For the genetic analysis, standard procedures described by Gutz et al. (17) were used.
UV sensitivity assay. Exponentially growing cultures of each strain were plated on YEA medium at a density of approximately 1,000 cells/plate and irradiated with UV at different doses (see Fig. 2A ). After a 5-day incubation at 25ЊC, survival rates were determined by counting macroscopic colonies.
Physiology. To obtain the cells shown in Fig. 1 , exponentially growing cultures were streaked on thin YEA plates (approximately 3 mm thick) in which agar was replaced by agarose. Postradiation phenotypes were monitored under a standard microscope. For the results shown in Fig. 2D , exponentially growing cells, which were spread on YEA solid medium, were irradiated with UV light at 40 J/m 2 . They were collected and inoculated into YEA liquid medium at 25ЊC. Samples were taken every 20 min after irradiation, and the percentage of cells in mitosis was determined by counting more than 200 cells stained with 4Ј,6-diamidino-2-phenylindole (DAPI). To obtain the cells shown in Fig. 5 , a standard procedure (1) was used. Fluorescence-activated cell sorter analysis was performed as described (9) .
Molecular cloning of slp1. By the complementation assay, two clones which had similar genomic inserts were isolated from a fission yeast cosmid genomic DNA library. After several steps of subcloning, a 2.8-kb HindIII fragment was identified as an active fragment. In plasmid pSP1-213H, which carried the 2.8-kb HindIII fragment, two series of overlapping deletions were created by the unidirectional exonuclease III deletion method described by Henikoff (20) . The nucleotide sequence analysis was performed with a semiautomatic sequence reader (ABI 373A) by a dye primer method (ABI Prism; Perkin-Elmer). A HindIII fragment adjacent to the 2.8-kb HindIII fragment was inserted in an integration vector (pYC10), which carries the budding yeast LEU2 gene as a marker (8) , and the resulting plasmid was used to transform SP6 (h Ϫ leu1-32). Three stable Leu ϩ transformants were crossed with an slp1 mutant (h ϩ leu1-32 slp1-362). In 50 sets of tetrads dissected, all the Leu ϩ strains were neither temperature sensitive nor radiation sensitive but all the Leu Ϫ strains were temperature sensitive and radiation sensitive, indicating a tight linkage between Leu ϩ and slp1. The full-length cDNA was isolated from a fission yeast cDNA library constructed in a ZapII (Stratagene) vector (a gift from G. Hannon and D. Beach, Howard Hughes Medical Institute, Cold Spring Harbor Laboratory) by plaque hybridization with a DNA fragment corresponding to a portion of the slp1 coding region (amino acids 140 to 334) as a probe. NdeI sites were added to the ends of slp1 cDNA by PCR with a pair of primers (GGGGCATATGGAGAT AGCAGGTAATTCTTCAACC and CCCCCATATGTCAACGGATTGTTAT GCTGCTGGA). The resulting fragment was inserted into an inducible expression vector, pREP41 (24) .
Gene disruption. A SphI site was generated at a BspMI site on pSP1-213H, which is 6 bp downstream of the first methionine of the putative slp1 ϩ open reading frame. The modified plasmid contains two SphI sites on the open reading frame of slp1 ϩ , one generated at the BspMI site and the other approximately 360 bp downstream of the first methionine. A 1.8-kb SphI fragment containing the fission yeast ura4 gene was inserted between the two SphI sites, resulting in a construct which would remove the first quarter of the open reading frame of the slp1 ϩ (see Fig. 6A ). This construct was used to disrupt one copy of the slp1
). Stable Ura ϩ transformants were obtained, and the presence of ura4 at the slp1 locus was confirmed by Southern blotting. A stable Ura ϩ diploid (slp1::ura4/ϩ), in which a h ϩ was converted to h 90 , was sporulated, and the resulting spores were inoculated into minimum medium plus or minus uracil. At 14 h after the inoculation, physiological phenotypes were monitored by a standard procedure (1) .
Nucleotide sequence accession number. The sequence reported in this paper has been deposited with GenBank under accession number U77983.
RESULTS
Isolation of slp1. When wild-type fission yeast cells are irradiated, the onset of mitosis is transiently delayed. During this delay, the cells continue to grow. As a result, they exhibit cell elongation. Thus, cell elongation is a physiological index of the cell cycle delay, which can be monitored microscopically. Mitosis is initiated in wild-type cells, presumably after successful DNA repair. In this study, a genetic screen was developed to isolate mutants which are not able to initiate mitosis after the DNA damage-induced delay. Based on the assumptions that (i) such mutants would be radiation sensitive and exhibit cell elongation after radiation and (ii) a loss of the functional wee1 kinase, a negative regulator of the onset of mitosis, might compensate for such mutants, a wee1-50 mutant was mutagenized and screened as follows. Survivors after mutagenesis were first examined for their radiation sensitivity. rad mutants exhibiting cell elongation were collected and crossed with wildtype strains to remove the wee1-50 mutation. Three rad mutants were found to produce segregants, some of which were more radiation sensitive than their parents, suggesting that removal of the wee1-50 mutation might enhance their radiation sensitivity. The three rad mutants were further examined by tetrad analysis. One of them was confirmed to be less radiation sensitive in the wee1-50 background. This mutant was named slp1 after its sleepy behavior, i.e., its slow recovery from DNA damage.
The genetic screen and a large part of the experiments described in this paper were carried out at 25ЊC. The wee1-50 mutant itself is radiation sensitive at 36 but not 25ЊC (32) . Other physiological phenotypes of this allele indicate that the activity of the gene product is partially defective even at the permissive temperature. Even at lower temperatures such as 23 and 27ЊC, the wee1-50 mutants exhibit smaller cell size and also suppress cdr1-76 and cdr2-96, to both of which wee1 is epistatic (46) .
Postradiation phenotype of the slp1 mutant. To characterize the slp1 mutant, postradiation phenotypes of rad (radiationsensitive) mutants were examined and compared with that of the slp1 mutant. Wild-type cells transiently stopped cell division in response to UV radiation (at 150 J/m 2 ), and approximately 50% of them were able to restart cell division. At 16 h after irradiation, they had divided two to four times ( Fig. 1) and formed colonies at a later stage. Most of the rad mutants have been characterized as either "defective in inducing the cell cycle delay" or "defective in DNA repair" (2) . Thus, several rad mutants were chosen from the two categories and examined. No cell elongation was observed in a rad3 strain, a rad mutant defective in inducing the cell cycle delay in response to radiation. The rad3 mutant cells did not stop cell division. After one or two cycles of cell division, they rapidly lost viability ( Fig. 1 and 2A) . Another rad mutant in the same category, rad1, behaved in a similar manner (data not shown). In contrast, a DNA repair-defective rad mutant, the rad10-198 mutant (39, 40) , continued to exhibit cell elongation and was unable to divide (Fig. 1) . The phenotype of the rad10-198 mutant suggests that it can stop cell division in response to radiation; however, it cannot restart it, because cell cycle progression is still delayed, most probably due to remaining DNA damage. The rad20-M25 mutant (DNA repair defective [39, 40] ) showed a similar phenotype (data not shown).
The slp1 mutant exhibited continued cell elongation after irradiation and was not able to restart cell division (Fig. 1) . In this respect, slp1 exhibits a postradiation phenotype similar to those seen in DNA repair-defective rad mutants (the rad10 and rad20 mutants). To test whether the cell elongation of slp1 is a consequence of the continuation of the cell cycle delay induced by DNA damage, slp1 was combined with checkpoint-defective rad mutations which abolish induction of the delay. No cell elongation was observed after irradiation in rad3 slp1 (Fig. 1 ) or rad1 slp1 (data not shown) double mutants. This result suggests that the postradiation phenotype of the slp1 mutant is checkpoint dependent.
The defect of the slp1 mutant is not prominent when a cell cycle delay is caused by hydroxyurea (HU), an inhibitor of DNA replication. The mutant is able to restart cell division after HU is removed from the medium. The survival rate of the slp1 mutant after treatment with HU is comparable to that of a wild-type strain (Fig. 2C) .
wee1 suppresses slp1. Although the slp1 mutant behaved morphologically in a manner similar to the rad10 and rad20 mutants (repair-defective rad mutants), it showed a remarkable difference when combined with wee1. As shown in Fig. 1 , a double mutant (wee1 slp1) was found to behave similarly to wild-type cells. It stopped cell division transiently in response to radiation and was able to restart cell division. Many of the cells succeeded in forming colonies (Fig. 1) . The survival rate after a dose of UV radiation (150 J/m 2 ) was 6.8% for a single slp1 mutant, whereas that for a double mutant (wee1 slp1) was 29.4% ( Fig. 2A) . In addition to the radiation sensitivity, slp1 confers temperature sensitivity. wee1 was found to suppress this defect (Fig. 3) .
The postradiation phenotypes of the slp1 and slp1 wee1 mutants were further compared by measuring the frequency of cells in mitosis after irradiation. Exponentially growing cells were exposed to UV radiation (40 J/m 2 ) and subsequently inoculated into YEA liquid medium at 25ЊC. As shown in Fig.  2D , all the strains (wild type, slp1, and slp1 wee1) exhibited a drop in the percentage of cells in mitosis within 60 min after irradiation, indicating that they delay the onset of mitosis in response to radiation. The wild-type strain exhibited a peak at 180 min after irradiation. This peak indicates that mitosis is reinitiated, after the DNA damage-induced delay, in a relatively synchronized manner. An slp1 wee1 double mutant exhibited a slightly lower peak at the same time point, whereas an slp1 single mutant failed to do so. No significant peak was observed in the population of the slp1 mutant. These results further suggest that the slp1 mutant is defective in reinitiating mitosis after the DNA damage-induced delay and that the wee1-50 mutation can compensate for the defect.
The wee1 mutant divides prematurely because of the reduced activity of the wee1 kinase that normally inhibits the activation of p34 cdc2 (12, 34) . A similar wee-like phenotype can be conferred by a mutation, cdc2-3w, of the catalytic subunit of the p34 cdc2 kinase (7). This mutation was also introduced into the slp1 mutant and found to improve its radiation sensitivity ( Fig. 2A) . mik1 ϩ encodes a kinase similar to the wee1 kinase. Inactivation of the two kinases results in lethal premature mitosis, suggesting that there is functional overlap between the two kinases (22) . A null allele of mik1 (⌬mik1) has been introduced into an slp1 background to test whether it interacts favorably with slp1. The survival rate after UV irradiation (150 J/m 2 ) of a double mutant (slp1-362 mik1::ura4) is 8.2%, which is similar to that of a single slp1 mutant. The result indicates that ⌬mik1 does not suppress slp1.
To examine the effect of wee1 on ordinary DNA repairdefective mutants, the postradiation phenotype of the rad10 mutant was compared with that of a double mutant, rad10 wee1. The double mutant (wee1 rad10) showed the continued cell elongation and was not able to restart cell division (Fig. 1) , indicating that wee1 does not suppress rad10. This was further confirmed by measuring the survival rate after irradiation. The double mutant showed a similar sensitivity to that of a single mutant, rad10 (Fig. 2B) . Similarly, rad20 was not suppressed by wee1 (Fig. 2B) .
Genetic interaction with other modulators of p34
cdc2
. The cdc25 tyrosine protein phosphatase is a mitotic inducer that antagonizes the wee1 kinase (28, 33) . A defect in the cdc25 ϩ gene results in cell cycle arrest at the boundary of G 2 /mitosis because the defective phosphatase can no longer activate p34 cdc2 . As the wee1 mutation suppresses slp1, a mutation of its antagonist such as cdc25 was expected to interact unfavorably. To test this possibility, a temperature-sensitive allele of cdc25 was introduced into slp1. Indeed, tetrad analysis indicated that slp1-362 was synthetic lethal with cdc25-22 at 25ЊC. Microscopic observation revealed that most of the double mutants (cdc25 slp1) were able to germinate but failed to continue growing. After several cell divisions, they ceased to grow with extraordinarily elongated cell shapes. Since cdc25-22 was shown to be synthetic lethal with nim1/cdr1 or cdr2 (13, 35, 46) , slp1 was crossed with them to test if the mutation was allelic. Tetrad analysis revealed that slp1 was not allelic and was synthetic lethal with nim1/cdr1 or cdr2. Double mutants showed a similar phenotype to that of cdc25-22 slp1-362.
The synthetic lethality of slp1 with cdc25, nim1/cdr1, or cdr2 suggested that these genes may function similarly to slp1 ϩ and therefore that mutants with mutations in these genes might be defective in restarting the cell cycle progression after the DNA damage-induced delay. The survival rates of the cdc25-22, cdr1-76, and cdr2-96 mutants were measured under semipermissive conditions. The cdc25-22 mutant, for example, exhibits significantly elongated cell shapes at a semipermissive temperature, 30ЊC, suggesting that the activation of p34 cdc2 is partially defective. However, the survival rate of this mutant after UV irradiation (150 J/m 2 ) was 52% at 30ЊC, similar to that of a wild-type strain. The cdr1-76 and cdr2-96 mutants were also able to restart the cell cycle progression after the DNA damage-induced delay at 30ЊC.
The slp1 mutant was also crossed with a set of cdc mutants including the cdc1, cdc2, cdc10, cdc17, cdc20, and cdc22 mutants (11, 26, 29) . The slp1-362 cdc2-33 double mutant showed a reduced growth rate; all the other cdc mutants showed no detectable interaction. All the genetic interactions are summarized in Table 1 . These genetic interactions, i.e., (i) suppression of the radiation and temperature sensitivity of slp1 by wee1-50 or cdc2-3w and (ii) synthetic lethality with cdc25-22, nim1/cdr1, or cdr2, suggest that advanced transition from interphase to mitosis can compensate for the defect of slp1 and, in contrast, that a delayed onset of mitosis enhances the defect.
Cloning of the slp1 ؉ gene. By using the temperature sensitivity of slp1 as a selection marker, an active 2.8-kb HindIII genomic DNA fragment was isolated from a fission yeast cosmid genomic DNA library. The integration mapping proved that this fragment originated from the slp1 locus. 
a Similar survival rates after UV irradiation were confirmed by at least four independent experiments for each strain. NA, not available; ND, not determined.
cDNA was isolated, and it has been demonstrated that cDNA containing only the 1,464-bp open reading frame can complement the mutation when it is expressed under the control of the nmt1 promoter (24) . The putative 488-amino-acid polypeptide exhibited significant homology to a number of proteins which contain repeats denoted ␤-transducin repeat, WD-repeat, or GH-WD repeat. This characteristic repeat was first found in the ␤ subunit of heteromeric GTP-binding proteins and has since been found in other eukaryotic proteins (27) . The slp1 protein itself contains seven of the repeats (Fig. 4) . Three eukaryotic proteins were identified as highest homologs, namely, p55 CDC (human) (44), Fizzy (fly) (10), and CDC20 (budding yeast) (41) . It has previously been shown that these three proteins form a subfamily in the WD-repeat protein family (10, 44) . The slp1 protein is a new member of the subfamily. Although the N-terminal regions of the members are not conserved strictly, the WD repeat domains (approximately 300 amino acids) show ϳ45% identity within the subfamily.
The slp1 mutant is defective in chromosome separation. Structural homology among the four eukaryotic proteins suggests that they may play a similar role. Although the biochemical function of these proteins are still to be uncovered, it has been demonstrated that Fizzy and CDC20 are required for the normal progression through the metaphase/anaphase transition (10, 41) . To test if slp1 ϩ is required for the same process, the phenotype of the slp1 mutant at the restrictive temperature was examined. At 4 h after the shift to the restrictive temperature, the mutant cells developed septa, which are normally formed at the end of mitosis; however, most of the nuclei, which were condensed, were found in one of the compartments (Fig. 5) . FACS analysis revealed that each of these nuclei contains 2N DNA content indicating that the mutant cannot segregate replicated DNA into daughter cells at mitosis. A similar phenotype has been described in the fission yeast cut9 mutant that is defective at the transition of metaphase/anaphase (36) , suggesting that slp1 ϩ may function similarly to cut9 ϩ . This is further supported by the genetic interaction between slp1 and cut9. Double mutants (slp1-362 cut9-665) are synthetically lethal at 25ЊC. Unlike slp1 cdc25 double mutants, which can divide several times after germination, the slp1 cut9 double mutants do not divide after germination.
The phenotype of a null allele of slp1 (⌬slp1) has also been examined. As shown in Fig. 6A , one copy of the slp1 ϩ gene was disrupted by the insertion of the fission yeast ura4 ϩ gene in a diploid. The diploid (slp1::ura4/ϩ) was sporulated, and the resulting spores were analyzed. In each tetrad, two of the segregants were not able to form colonies. The two viable spores were always Ura Ϫ , and, by inference, the inviable segregants carry the insertion of ura4 in the slp1 ϩ locus. Spores obtained from the diploid (slp1::ura4/ϩ) were inoculated into minimal medium and allowed to germinate. When uracil was omitted from the medium, only the spores carrying the null allele of slp1 (⌬slp1) were able to germinate owing to the inserted ura4 gene in the slp1 ϩ locus. At 14 h after the inoculation, most of the germinated cells exhibited septa and condensed chromosomes in one of the daughter compartments (Fig. 6B) , indicating that the null allele is also defective in chromosome separation. Thus, the phenotype seen in the temperature-sensitive slp1 mutant is a result of a loss of function of
FIG. 4. slp1 is homologous to CDC20, p55
CDC and Fizzy. The predicted amino acid sequence of slp1 is compared with those of CDC20 (39), p55 CDC (37) , and Fizzy (38) . Amino acids are shown in the single-letter code. The amino acids conserved in the four proteins are shown in boldface type. Seven WD repeats are indicated as WD1 through WD7.
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on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ slp1 ϩ . In the presence of uracil in the medium, both the wildtype spores and the ⌬slp1 spores can germinate. A majority of the germinated cells show normal nuclear morphology, whereas some cells, which presumably carry ⌬slp1, still exhibit condensed chromosomes (Fig. 6B) . The physiological phenotype of the conditional allele and the null allele of slp1 suggests that slp1 ϩ may be functionally as well as structurally homologous to Fizzy and CDC20.
As the slp1 mutant exhibits radiation sensitivity at 25ЊC ( Fig.  2A) presumably due to its inability to reinitiate mitosis after the DNA damage-induced delay, it was tested for its ability to initiate mitosis at 36ЊC after the delay. The mutant cells were irradiated with UV light (75 J/m 2 ) and immediately inoculated into YEA liquid medium at 36ЊC. If the mutant can reinitiate mitosis at 36ЊC, most of the cells would be arrested in metaphase, exhibiting condensed chromosomes. On the other hand, if the mutant is still defective in initiating mitosis after the DNA damage-induced delay, the cells would be arrested in the G 2 phase. At 8 h after irradiation, 68% of the slp1 mutant cells had condensed chromosomes. As the survival rate after irradiation with UV light at 75 J/m 2 is 37.8% for an slp1 mutant at 25ЊC ( Fig. 2A) , this result suggests that the slp1 mutant becomes more competent to initiate mitosis at 36ЊC.
DISCUSSION
Based on the postradiation phenotypes, rad mutants were classified into two categories in this study, one which did not show any cell elongation and one which continued to exhibit cell elongation in response to DNA damage. rad mutants such as rad1 and rad3 mutants, which are defective in inducing the cell cycle delay, belong to the former category. On the other hand, DNA repair-defective mutants (rad10 and rad20 mutants) and the slp1 mutant belong to the latter category. Since cell elongation is an index of the DNA damage-induced cell cycle delay, the phenotypes of the rad10, rad20, and slp1 mutants imply that these mutants cannot restart cell cycle progression. Direct involvement of rad10 ϩ and rad20 ϩ in DNA excision repair (39, 40) strongly suggests that unrepaired DNA damage prevents rad10 and rad20 from restarting cell cycle progression.
While the morphological change of the slp1 mutant in re- sponse to radiation is similar to that of DNA repair mutants, the genetic interactions between slp1 and the modulators of p34 cdc2 imply that slp1 is distinct. First, wee1-50 (and cdc2-3w, to a lesser extent) favorably interacts with slp1. A wee1 slp1 double mutant transiently stops cell division and is able to restart it. This suppression correlates with the significant improvement of the survival rate after UV irradiation at 150 J/m 2 (6.8% for slp1 to 29.4% for wee1 slp1). In contrast, wee1 does not suppress rad10 or rad20 to any extent. Second, cdc25, nim1/cdr1, and cdr2 were shown to be synthetically lethal with slp1. Double mutants are unable to continue cell division, and they exhibit a cdc-like phenotype (cell elongation). Although the possibility that slp1 is DNA repair defective has not been excluded, the genetic interactions of slp1 with wee1 and cdc25 strongly imply that a major function of slp1 ϩ is directly related to cell cycle regulation. Despite the functional and structural similarity between the wee1 kinase and the mik1 kinase, ⌬mik1 does not suppress slp1-362. This failure probably suggests that the wee1 kinase is a major inhibitor of the mitotic events. In fact, it has been reported that ⌬mik1 itself, unlike wee1-50, does not confer any phenotypes (22) .
Several G 2 -cdc type mutants, namely, the cdc25, nim1/cdr1, and cdr2 mutants, which are defective in promoting the activation of p34 cdc2 , have been tested for their ability to restart cell division after the DNA damage-induced delay.
ϩ is an inhibitor of the wee kinase (45) , and cdc25 ϩ is an antagonist of the wee1 kinase. Mutations of these genes result in cell elongation due to deficiencies in the activation of p34 cdc2 , and the defect is suppressed by wee1-50. However, all mutants were able to restart cell cycle progression after the delay. Deficiency in the activation of p34 cdc2 may not critically affect the process of restarting cell division after the delay. Thus, it is unlikely that slp1 ϩ is an upstream element of p34 cdc2 . Molecular cloning of slp1 ϩ revealed that it encodes a WDdomain protein (27) and is a homolog of CDC20 (41), p55 CDC (44) and Fizzy (10) . The slp1 protein and the three proteins are more homologous to each other than to any other WD-domain proteins identified in the same species. Thus, they form a subfamily in the WD-domain protein family. In this subfamily, the members may perform a similar role in cell cycle regulation. The conditional mutants (the cdc20 and fzy mutants) are arrested at metaphase (10, 41) . Both the conditional allele and the null allele of slp1 ϩ are defective in chromosome separation. Chromosomes are condensed in these cells, suggesting that they are arrested after the entry into mitosis. slp1 ϩ may function at the transition of metaphase/anaphase, just like other members of the subfamily. Detailed genetic and physiological studies are in progress to reveal the function of slp1 ϩ in mitosis.
The two defects of the slp1 mutant, the metaphase arrest at 36ЊC and the radiation sensitivity at 25ЊC, cannot be explained by a single mode at present. The slp1 ϩ gene may have dual functions, to promote the transition from metaphase to anaphase and to initiate mitosis. As the null allele of slp1 ϩ is arrested in metaphase, the slp1 ϩ gene is not required for initiation of mitosis under normal growth conditions. The postradiation phenotype associated with slp1 and the genetic interactions of slp1 with cdc25, nim1/cdr1, and cdr2 suggest that the slp1 ϩ gene becomes essential only when the onset of mitosis is delayed. The slp1 mutant can initiate mitosis more readily at 36ЊC even after the DNA damage-induced delay. This is probably because the delay in the onset of mitosis at 36ЊC is shorter than that at 25ЊC.
Recovery from DNA damage is a complex biological process. In addition to prompt induction of the cell cycle delay and successful repair of damaged DNA, other steps seem to be involved in this process. The defects in some of the radiationsensitive mutants remain to be determined. For example, the fission yeast wee1 mutants are radiation sensitive (2, 32); nevertheless, they are able to delay the onset of mitosis in response to radiation (4) . In Drosophila melanogaster, a maternal-effect mutation, grp, causes a metaphase arrest at nuclear cycle 13. In contrast, if grp embryos are X-irradiated in the interphase of nuclear cycle 10, the nuclei progress through the first interphase but arrest in the metaphase of the following cycle (nuclear cycle 11) (14) . These mutants and the slp1 mutant may not be able to coordinate multiple cell cycle events after the DNA damage-induced cell cycle delay.
rad mutants have been categorized as either defective in DNA repair or defective in inducing the delay. slp1 can be categorized as neither of the two but, rather, may be categorized as defective in reinitiation of the cell cycle progression. The postradiation phenotype of slp1 is checkpoint dependent. Double mutants (rad3 slp1 and rad1 slp1) do not show cell elongation in response to radiation, a characteristic phenotype caused by slp1. These checkpoint genes (rad1 ϩ and rad3 ϩ ) are epistatic to slp1 ϩ . Recently, fission yeast rad3 ϩ and budding yeast MEC1 have been shown to be homologous to a human gene predisposing to ataxia telangiectasia, a disease associated with cancer (37) . A human homolog of slp1 ϩ , such as p55 CDC , may play an important role in the prevention of cancers.
